Local CMR g l U (LCMR g 1u) values were mea sured by [14CJ2-deoxyglucose autoradiography in the rat at 4 h and 5 days following photochemically induced cor tical infarction, and these data were compared with neu ropathological findings in adjacent serial sections. At both time periods, LCMR g lu was markedly reduced within the lesion center, and irregular regions of moderate-to marked glucose hypermetabolism were noted within the marginal zone of the developing infarct. At 4 h, the hy permetabolic zones were shown by pathological exami nation to be characterized by normal-sized, moderately hyperchromatic neurons scattered among occasional dark, shrunken neurons within preserved neuropil. In contrast, the hypermetabolic zones at 5 days coincided with foci of intense macrophage infiltration, with disso lution of the neuropil. Significant decreases in glucose utilization were also demonstrated at 4 h within brain
Summary: Local CMR g l U (LCMR g 1u) values were mea sured by [14CJ2-deoxyglucose autoradiography in the rat at 4 h and 5 days following photochemically induced cor tical infarction, and these data were compared with neu ropathological findings in adjacent serial sections. At both time periods, LCMR g lu was markedly reduced within the lesion center, and irregular regions of moderate-to marked glucose hypermetabolism were noted within the marginal zone of the developing infarct. At 4 h, the hy permetabolic zones were shown by pathological exami nation to be characterized by normal-sized, moderately hyperchromatic neurons scattered among occasional dark, shrunken neurons within preserved neuropil. In contrast, the hypermetabolic zones at 5 days coincided with foci of intense macrophage infiltration, with disso lution of the neuropil. Significant decreases in glucose utilization were also demonstrated at 4 h within brain
In the normal brain, regional metabolic activity is an important regulator of local CBF (LCBF) (Reivich, 1974) . Metabolic dysfunction in areas both near and remote from the site of infarction has been demonstrated experimentally (Michenfelder and Sundt, 1971; Kogure et aI., 1974; Ginsberg et aI., 1977; Fieschi et aI., 1978; Hossmann et aI., 1985; Tanaka et aI., 1985) . Kogure et al. (1974) dem onstrated an early depression of cerebral energy metabolism within both the ischemic territory and the opposite hemisphere 5 min following embolic infarction in the rat. With 2-deoxyglucose (2-DG) autoradiography, zones of markedly depressed glu-structures remote from the site of focal injury. These structures included the lateral and auditory cortices ip silaterally, the striatum and thalamus ipsilaterally, and the hippocampus bilaterally. In addition to these remote met abolic effects, depressed metabolism occurred within the homologous cortical region contralateral to the site of infarction. By 5 days, glucose utilization was severely depressed in all ipsilateral cortical regions but not within any contralateral cortical region. Analysis of these data suggests that more than one mechanism is responsible for the metabolic alterations occurring within brain regions remote from the site of irreversible damage. Results are discussed in light of the hemodynamic alterations occur ring in this stroke model, which are presented in the ac companying report. Key Words: Cerebral metabolism Cortical infarction -2-Deoxyglucose autoradiography Diaschisis.
cose utilization within the ischemic hemisphere fol lowing middle cerebral artery (MCA) occlusion have also been demonstrated in cats (Ginsberg et aI., 1977) and monkeys (Fieschi et aI., 1978) . This early ischemic zone was frequently bordered by a rim of apparently enhanced glucose utilization, sug gesting the occurrence of anaerobic glycolysis. Re cently, Hossmann et al. (1985) reported a hetero geneous pattern of glucose utilization within the re gion of the developing infarct 2 h following MCA occlusion. In one study, a mild suppression of cor tical glucose utilization was documented within the contralateral nonischemic hemisphere 90 min fol lowing MCA occlusion (Ginsberg et aI., 1977) , while another study has reported a 20% decrease in glucose utilization throughout the brain 2 h after MCA occlusion (Hossmann et aI., 1985) .
The concept that transient depression of function can occur at a distance from the site of primary injury was proposed by von Monakow in 1914. In 1958 Kempinsky demonstrated in cats that a depres sion of cortical electrical activity occurred contra lateral to MCA occlusion. This effect was less marked in animals with chronic corpus callosum section. In addition to transneuronal depression, other studies have suggested that remote metabolic effects may be the result of edema formation or the release of vasoactive substances from ischemic tis sues (Meyer et aI., 1973; Kogure et aI., 1974; Zervas et aI., 1974) . Early and late metabolic alterations may be the result of different mechanisms; thus, it is necessary to conduct serial studies over a range of time periods following insult initiation.
In the present study, utilizing 2-DG autoradiog raphy, we have examined the effects of cortical in farction on cerebral metabolism at two time periods following injury and have correlated alterations in local CMR g Ju (LCMR g Ju) with histopathological changes. Finally, we have considered the signifi cance of these metabolic alterations in terms of pre viously documented alterations in LCBF following infarct formation (Dietrich et aI., 1986) .
MATERIALS AND METHODS
The experiments were performed on 12 male Wi star rats weighing between 250 and 300 g. Photochemically induced cerebral infarction was carried out according to procedures outlined in the companion study (Dietrich et al., 1986) . Following 20 min of irradiation under anes thesia to the skull region overlying the left parieto-occip ital cortex, animals were allowed to survive for either 4 h or 5 days. Control animals underwent all surgical pro cedures and were either irradiated for 20 min fol lowing the systemic injection of saline or injected with rose bengal. They were studied at either 4 h or 5 days following irradiation. For the 2-DG autoradiographic study, all animals were restrained in a plaster-of-Paris body cast and allowed to recover from the effects of an esthesia and surgery for 2 h prior to administration of 2-DG. Approximately 20 f.lCi of 14C-labeled 2-DG (2-[1-14CjdeoxY-D-glucose, specific activity 45-55 mCil mmol; New England Nuclear) dissolved in isotonic saline was infused as a bolus intravenously. Arterial blood sam ples were drawn at frequent intervals and 1O-f.l1 plasma aliquots of the samples assayed for their radioactive con tent by liquid scintillation counting and for their glucose content by means of an automated glucose analyzer (Beckman). Forty-five minutes following injection of 2-DG, the rats were perfused transcardially for 5 min with 2.2% paraformaldehyde in sodium phosphate buffer at pH 7.4. Perfusion fixation has previously been shown not to affect quantitation (Hand, 1981; R. C. Collins, personal communication) . The brains were quickly removed and frozen in Freon-22 at -50°C. The brains were later warmed to -20°C and sectioned in a cryostat. Coronal sections, 20 f.lm thick, together with [14Cjmethyl methacrylate standards (Amersham), were exposed to Kodak SB-5 x-ray film for 10 days. The resulting auto radiograms were digitized on a rotating-drum scanning densitometer (Optronics) interfaced to a PDP 11144 mini-J Cereb Blood Flow Melab, Vol. 6, No, 2, 1986 computer and a Grinnell Systems image processor with which the LCMR g lu values were displayed and quanti tated (Goochee et al., 1980) . Region-of-interest analysis was carried out by means of a square cursor of user adjustable size. Multiple readings were obtained from both ipsilateral and contralateral brain structures from each experimental animal as well as from controls.
Alternate sections were stained with hematoxylin and eosin for light-microscopic examination. These histolog ical sections were superimposed over the corresponding autoradiographic images and, with the aid of a dissecting microscope, regions of altered optical density were his tologically identitied for inspection.
Local cerebral glucose utilization was computed ac cording to the operational equation of Sokoloff et al. (1977) as modified for the influence of variable plasma glucose concentration (Sa vaki et aI., 1980; Sokoloff, 1980) . The values of the lumped constant and kinetic con stants determined by Sokoloff et al. (1977) in normal rats were employed, and a value of 0.57 was used for kz + k3 for glucose (Sokoloff, 1980) . Data were analyzed by two-way analysis of variance, and statistical significance was assessed by Scheffe's S test and Dunn's multiple-comparison procedure (Kirk, 1982) .
RESULTS
Control and experimental rats exhibited stable ar terial blood pressures and normal physiological variables throughout the experimental procedure (Table I ). There were no significant differences in any parameters between the three groups except for an increased arterial P02 at 4 h.
Control values of local cerebral glucose utiliza tion in 14 brain regions, both ipsilateral and contra lateral to the focus of irradiation, are shown in Table  2 . LCMR g Ju values were symmetrical in all brain regions studied. These values were consistent with previously published values of LCMR g Ju in the Wi star rat (Ingvar and Siesjo, 1982; Pulsinelli et aI., 1982) .
Rose bengal-infused rats undergoing irradiation demonstrated a cortical zone of markedly de pressed glucose utilization at 4 h (Fig. IA) . This Values are means ± SD. MAP, mean arterial pressure. a Significantly different from control, p < 0,05, by one-way analysis of variance. area was consistent in size and location throughout the series. Surrounding this central zone was a mar ginal zone that displayed an enhanced rate of glu cose utilization (Fig. IA) . Increased glucose utili zation within this region was significantly different from that in sham-operated controls ( Table 2) . Light level microscopic examination of adjacent hema toxylin-and eosin-stained sections demonstrated that this area corresponded to a region of preserved neuropil containing a mixture of normal-sized and dark, shrunken neurons exhibiting perineuronal spaces (Fig. IC) .
Brain regions remote from the irradiated cortical region also exhibited alterations in glucose utiliza tion at 4 h. Significant decreases in glucose utili zation within the ipsilateral lateral and auditory cor tices were demonstrated (Table 2) with minor asym-metries apparent in the autoradiographic images ( Fig. 2a, d, and e ). Additionally, subcortical struc tures including the striatum and thalamus ipsilat erally and hippocampus bilaterally displayed de pressed values of glucose utilization (Table 2) . Within the homotopic brain region contralateral to the developing infarction, a significant decrease in glucose utilization was also demonstrated com pared with control values.
Five days following irradiation, a central zone of severely depressed glucose utilization was again ap parent (Fig. ID) . This zone of depressed metabo lism was again bordered by a rim of normal-to-in creased glucose utilization, strikingly visible on au toradiograms (Fig. ID) . Histopathological study of adjacent stained serial sections demonstrated that the rim of increased glucose utilization at 5 days corresponded to foci of intense macrophage infil tration bordering the necrotic zone ( Fig. IF) .
Varying degrees of reduction of LCMRg1u were demonstrated in all ipsilateral cortical regions 5 days following irradiation (Table 2; Fig. 3) . Figure  2 (f-j) illustrates the asymmetrical pattern of glu cose utilization that was apparent at this time. The difference between control and experimental ani mals was statistically significant for the ipsilateral frontal and lateral cortices as well as the cingulate gyrus. Additionally, significant decreases in LCMR g 1u were demonstrated within the striatum ip silaterally and the hippocampus bilaterally. LCMR g 1u within the remainder of the ipsilateral brain structures, including the homotopic cortical region contralateral to the infarct, was similar to those values obtained from controls.
DISCUSSION
Photochemically induced cortical infarction re sults in a consistent pattern of altered glucose uti lization in brain regions both near and remote from the site of infarction. Laboratory investigations in which animal models of clinical disease are utilized permit an extensive characterization of such abnor malities, which also occur in patients with acute stroke (Kuhl et aI., 1980; Lenzi et aI., 1982; Heiss et aI., 1983; Wise et aI., 1983; Baron et aI., 1984) . The significance of the present metabolic and pathological changes and the hemodynamic altera tions described in the companion study (Dietrich et aI., 1986) will therefore be discussed in this light.
A central zone of severely depressed glucose uti lization corresponding to the zone of cortical irra diation was apparent at 4 h. This is not surprising in view of the marked flow reductions observed in this region (Dietrich et aI., 1986) . Decreased glu- cose substrate delivery and oxygen supply, which result in severe energy depletion (Lowry et al., 1964) , are most likely responsible for the depressed glucose utilization apparent within this focus (Gins berg et ai. , 1977) .
Focal glucose hypermetabolism at the periphery of early infarcts has been demonstrated experimen tally (Ginsberg et ai., 1977; Fieschi et ai., 1978; Tanaka et ai. , 1985) . A shift to anaerobic glycolysis resulting in increased tissue lactate production (Eklof and Siesjo, 1972; Nilsson et ai., 1975) has been proposed to explain this phenomenon. Inter estingly, the zone of elevated glucose utilization in the 4-h animals of the present study was not asso ciated with a corresponding increase in CBF (Die trich et ai. , 1986) . Osmotic openings of the blood brain barrier results in focal increases in LC M R g 1u (Pappius, 1981) , and studies in our laboratory have revealed the extravasation of Evans blue within the periphery of the evolving infarct (Busto et ai. , 1985) . Enhanced 2-DG uptake within this restricted area may therefore be a consequence of its in creased permeability.
Increased metabolism has also been shown in models of transient ischemia (Hossmann et ai. , 1976; Levy and Duffy, 1977; Diemer and Siem kowicz, 1980; Choki et al. , 1983) . Four hours fol-J Cereb Blood Flow Metab, Vol. 6, No. 2, 1986 lowing unilateral carotid artery occlusion, Levy and Duffy (1977) demonstrated a 50% increase in cor tical metabolic activity. These authors suggested that enhanced cation transport might account for the increase in energy consumption. Water content within the necrotic zone increases significantly by 4 h in the present model . In creased cation pumping may occur in an attempt to restore ion gradients within tissues not yet irre versibly damaged. Our histopathological results confirm that the zone of increased glucose utiliza tion contains viable tissue, potentially capable of such a response.
At 5 days, an apparent increase of glucose utili zation within the periphery of the lesion was again demonstrated. A similar metabolic response has been shown at 3 and 5 days following thermally induced focal lesions (Pappius, 198 1) , but in that study the underlying cellular pathology was not elu cidated. Enhanced glucose utilization in the present study was associated with severe macrophage infil tration. Sbarra and Karnovsky (1959) have shown that active glycolysis is essential for phagocytosis in polymorphonuclear leukocytes and that in creased metabolism occurs during particle uptake.
In that phagocytosis appears to be a process that requires an expenditure of energy (Karnovsky, FIG. 2. Computer-generated [14Cj2-deoxyglucose autoradiographic images of coronally sectioned rat brain. The gray scale on the top of each column of figures depicts rates of glucose utilization in mg/100 g/min x 10. At 4 h following irradiation (a e), a cortical zone of markedly depressed glucose utilization is apparent (arrows in c and d). This central zone is surrounded by a marginal tissue zone of enhanced glucose utilization. This phenomenon is very apparent in brain sections taken just rostral (b) and caudal (e) to the developing lesion. Only minor asymmetries in glucose utilization are apparent in cortical and subcortical regions remote from the irradiated zone. At 5 days following irradiation (f-i), a cortical zone of markedly depressed glucose utilization (arrows in h and i) is still apparent, which is bordered by a rim of normal-to-increased glucose utilization (h). Widespread reductions in glucose utilization are apparent throughout the hemisphere ipsilateral to irradiation. 1962), the present results suggest that the macro phages are utilizing glucose as a major energy source. It must be noted, however, that we have used the normal cerebral values of the lumped con-stant and kinetic constants of the 2-DG model with full realization that these values may differ signif icantly within the macrophage zone.
Widespread alterations in glucose utilization were also demonstrated in brain regions far re moved from the morphological lesion. Interestingly, a different pattern of remote metabolic alterations was observed at 4 h and 5 days ( Fig. 3) . At 4 h, glucose utilization was mildly depressed in some ipsilateral cortical regions rostral, lateral, and caudal to the infarcting zone. Decreased CBF within these same regions is apparent as early as 30 min fol lowing irradiation (Dietrich et ai., 1986 ). In con trast, depressed glucose utilization within the ho motopic region contralateral to the morphological lesion preceded the hemodynamic alterations. De creased LCMR gl u within the opposite hemisphere has been shown previously by Ginsberg et al. (1977) to occur as early as 90 min following MCA occlu sion in the cat. This result was interpreted as being the metabolic equivalent of diaschisis. Diaschisis may occur as a result of decreased metabolic de mand secondary to a reduction of neuronal and syn aptic activity (von Monakow, 1914; Kempinsky, 1958) . Tr ansneuronal depression is considered to be an early event following the onset of stroke and not a progressive phenomenon occurring over a long period of time (Reivich et ai., 1977) . Therefore, acute neuronal depression within the contralateral homotopic brain region may be implicated in this early metabolic response to unilateral infarction. Patterns of depressed glucose utilization were also apparent at 4 h within subcortical brain struc tures. Ipsilateral thalamic dysfunction has been J Cereb Blood Flow Me/ab, Vol. 6. No.2. 1986 found in patients with infarcts restricted to the MCA distribution (Kuhl et ai., 1980) . These alter ations were suggested to be the result of decreased excitation of subcortical nuclei secondary to cor tical damage. Experimentally, Cooper and Thurlow (1984) have demonstrated depressed glucose utili zation within specific thalamic nuclei 4 days fol lowing neocortical ablation. They suggested that this temporary reduction in metabolic activity may have reflected mechanical stress, impaired blood circulation, or denervation. Structural displacement of the thalamus ipsilaterally and the hippocampus bilaterally is apparent at 4 h in the present model (Watson et ai., 1985) . Compression of the subcor tical circulation as a result of postinfarction edema might also be expected to result in metabolic dys function within these areas.
Remote metabolic alterations within ipsilateral cortical areas at 5 days were more dramatic than at 4 h and involved all ipsilateral cortical structures (Fig. 3 ). This progressive decline in cerebral metab olism followed an earlier progressive decrease of CBF (Dietrich et ai., 1986) . Although changes in CBF occurring as the result of altered cerebral me tabolism have been clearly documented (Reivich, 1974) , alterations in metabolism in response to pro longed periods of moderately depressed CBF have not. Nevertheless ,these data suggest that prolonged reductions in CBF, possibly resulting from the re lease of vasoactive substances from the site of in farction, may be responsible for the later-occurring alterations in glucose utilization. Interestingly, widespread metabolic alterations apparent fol lowing thermally induced brain injury appear not to be associated with similar changes in CBF (Pappius, 1981) . This inconsistency may possibly stem from differing pathophysiological events accompanying ischemic infarction and thermally induced trauma.
Decreased glucose utilization within the contra lateral homotopic region demonstrated at 4 h was not present at 5 days. Therefore, acute neuronal depression secondary to decreased afferent stimu lation appears to be an early but transient phenom enon following focal brain injury. Related to this finding are recent metabolic data that demonstrate a similar transient depression in cortical glucose uti lization following prolonged peripheral deafferen tation (Dietrich et ai., 1985) . The initial decrease aad subsequent normalization of LCMR g 1u observed in these studies would suggest that regions of cortex may become reactivated as a result of some form of compensatory or adaptive phenomenon.
Many patients with cerebral infarction show a large degree of recovery of function within the first few weeks (Kempinsky et ai., 1961) . Tn some cases, the initial deficit is larger than that which can be explained by the final structural lesion. Frequently, recovery is too rapid to have resulted from re learning or plastic processes. Our current obser vations document widespread hemodynamic and metabolic consequences of focal brain injury. It seems likely that similar processes are occurring in patients following stroke. Thus, the present exper imental model may be of utility in facilitating an understanding of these stroke mechanisms.
